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Table I. Summary of results obtained from analysis of 5'-deletion and substitution mritants of the Arabidopsis Adh promoter using transgenic 
plants 

Where possible, at least five independent transformants were analyzed per construct. Transformants having abnormal expression patterns 
c:ompared to the majority of transformants of the same construct, and with low induction levels of the endogenous Adh gene, werc: eliminated 
(see "Materials and Methods"). For each transformant analyzed, GUS expression levels were divided by the corresponding endogenous Adh 
mRNA expression levels, and these relative CUS expression levels were averaged for each construct and each treatment. The number of 
independent transformants studied per construct, as well as the averaged relative CUS mRNA expression levels (SE values in parentheses) 
are indicated. Percentages shown below these numbers indicate relative GUS expression levels, compared to the average of the (CADH-GUS 
construct for the same treatment. 

No. Relative CUS mRNA Expression Levels 
Construct Transformants 

Analyzed Uninduced LOW Oxygen Dehydration Cold 

CADH-GUS (-964) 

CADH-CUS AC-BOX-1 

CADH-GUS AG-BOX-2 

CADH-CUS AGT-MOT. 

CADH-GUS ACC-MOT. 

ADH-CUS A-575 

ADH-GUS A-510 

ADH-GUS A-384 

ADH-CUS A-309 

ADH-GUS A-235 

ADH-GUS A-214 

ADH-GUS A-1 72 

ADH-CUS A-1 56 

ADH-GUS A-141 

4 

7 

7 

6 

7 

3 

6 

6 

3 

5 

5 

5 

5 

4 

0.764 (0.168) 
100% 

1.186 (0.320) 
155.2% 

1.332 (0.358) 
174.3% 

0.1 05 (0.026) 
13.7% 

O. 147 (0.066) 
19.2% 

0.941 (0.210) 
123.2% 

1.41 5 (0.430) 
185.2% 

0.340 (0.044) 

0.161 (0.033) 
2 1 . 1 o/o 

0.142 (0.042) 
18.6% 

O. 144 (0.044) 
18.98% 

0.1 11 (0.036) 
14.5% 

0.103 (0.032) 
13.5% 

0.21 6 (0.060) 
28.3% 

44.5% 

1.368 (0.354) 
100% 

1.582 (0.288) 
11 5.5% 

1.981 (0.379) 
144.8% 

0.097 (0.031) 
7.1% 

0.030 (0.01 9) 
2.2% 

1.239 (0.131) 
90.6% 

3.263 (0.191) 
238.5% 

0.191 (0.050) 

0.052 (0.026) 
14.0% 

3.8% 
0.040 (0.014) 

2.9% 
0.1 11 (0.039) 

0.024 (0.005) 

0.01 1 (0.003) 

0.01 7 (0.009) 

8.1% 

1.8% 

0.8% 

1.2% 

0.352 (0.062) 
100% 

0.1 75 (0.044) 

0.486 (0.1 11) 
1 38.1 ?'o 

0.064 (0.035) 
18.2% 

0.039 (0.024) 
1 1 . 1 o/o 

0.629 (0.050) 
178.7% 

0.785 (0.005) 
223.0% 

0.167 (0.031) 
47.4% 

0.044 (0.01 6) 
12.5% 

0.063 (0.025) 

0.261 (0.109) 

0.01 1 (0.003) 

0.024 (0.01 5) 

49.7% 

17.9% 

74.1 '/o 

3.1 o/o 

6.8% 

4.8% 
0.01 7 (0.009) 

0.302 (O 023) 
100% 

0.061 (0022) 
20.2% 

0.230 (0.067) 

0.050 (0.026) 
16.6% 

0.027 (0.01 2) 

0.389 (0.019) 
1 28.W0 

76.2% 

8.51% 

1.445 (0.01 5) 
478.5% 

0.138 (C.027) 
45.;'% 

0.091 (0.021) 
30.. '/o 

0.065 ((1.023) 
21.!i% 

0.382 ((1.123) 
126.!i% 

0.009 ((1.004) 

0.025 ((1.005) 

0.046 (0.032) 

3.0% 

8.:i0/0 

15.:!% 

promoter, suggesting that theGT and GC motifs form the 
Arabidopsis equivalent of the maize ARE. 

lnduction of the Arabidopsis Adh Promoter by Cold Stress 

Figure 3A shows that the Arabidopsis Adh gene is strongly 
induced by cold stress. The endogenous A d h  gene is induced 
10- to 30-fold at the RNA leve1 and the chimeric gene is 
induced 5- to 20-fold (Fig. 3, B and C). Our low-temperature 
induction treatment also induced an Arabidopsis cDNA clone 
very similar to the Arabidopsis cold-regulated Cor47 cDNA 
(data not shown; Gilmour et al., 1992). Cold induction of the 
Adh gene occurs more slowly than hypoxic induction, reach- 
ing maximal levels after 24 h (Fig. 3A). The control35S-GUS 
construct is not affected by low temperatures (Fig. 3C). These 
data suggest that the CADH promoter fragment contains 
sequence information sufficient to confer cold-inducible 
expression, in addition to the information needed for hypoxic 
responsiveness. The response of the endogenous Adh gene to 
cold stress was frequently lower than the response to hypoxia, 

and this difference was more pronounced with the chimeric 
gene (Fig. 3, B and C). This could mean that the - 964 CADH 
promoter fragment lacks an upstream activator element for 
cold response or that an upstream negative elenient for the 
hypoxic response is missing. The fact that the CADH-GUS 
construct is relatively strongly induced by hypoxia, compared 
to the eindogenous Adh gene, supports the latter possibility. 
Altematively, differences in message stability ar!d the pres- 
ente of regulatory elements in the coding region of the Adh 
gene, wlhich are absent in the chimeric GUS gene, cannot be 
excludetl. 

Cold stress has been associated with increased levels of the 
phytohormone ABA in plants (Guy, 1990; Hetherington and 
Quatrano, 1991; Jackson, 1991), but there is no direct evi- 
dente that hypoxic stress is correlated with ABA content in 
plant tissue. Maize plantlets pretreated with ABA were shown 
to be better able to withstand hypoxic stress, iind this in- 
creased tolerance was correlated with an increase of ADH 
activity, but ABA has not been shown to induce maize ADH 
activity directly (Hwang and VanToai, 1991). 
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These data pose the question whether induction by low 
temperature and ABA use the same signal-transduction path- 
way and involve the same cis-acting regulatory sequences. 
The regions of the maize Adhl promoter responsible for 
induction of gene expression by low-temperature conditions 
have not been mapped. In Arubidopsis, 5‘ deletions removing 
the sequences between positions -575 and -510 in region I, 
which enhance the low-oxygen response, also enhance the 
low-temperature response of the Adh promoter (Fig. 4, A and 
B; Table I). The results are similar to those seen under 
uninduced and hypoxic conditions and again suggest the 
presence of a repressor element between positions -575 and 
-510. Further deletion of sequences to position -384 (region 
11) causes a strong reduction in signal strength (Fig. 4, A and 
B), indicating that a positive regulatory element is present in 
this region. From position -384 to position -235, the level 
of cold-stress response remains nearly constant and is 
stronger than the level of hypoxic expression. With -214 
deletions, which keep the core region of the G-box-1 intact, 
low-temperature expression levels are nearly restored to the 
CADH-GUS levels. This deletion differentiates the hypoxic 
and cold-stress inductions, because hypoxic inducibility is not 
affected in a similar way by this deletion (Table I). Deletions 
in region IV (-172, -156, and -141) again result in nearly 
undetectable expression. 

Another difference between the two stress responses is 
found in region 111, where mutations of G-box-1 do not affect 
hypoxic inducibility but do affect cold-stress response (Fig. 
4; Table I). In G-box-1 mutants expression is decreased to 
about 20% of the CADH-GUS construct. In contrast, unin- 
duced and hypoxically induced expression increase for the 
G-box-1 mutants compared to the CADH-GUS construct. 
The increase of expression in deletion -214, which leaves 
the 5’-ACGT-3’ core of the G-box-1 sequence intact, and the 
G-box-1 mutants under both uninduced and hypoxically 
induced conditions, suggests that the GBF has repressor 
activities. The low level of cold-induced expression in G-box- 
1 mutants suggests that the GBF plays an important role in 
activation of Adh expression under cold-stress conditions. 

Using transient assays in suspension cell protoplasts, 
McKendree and Ferl (1992) have shown that a G-box-1 
mutant has significantly reduced constitutive expression lev- 
els. Our data confirm that the G-box-1 mutants have a lower 
level of induction by cold but show that they are unaffected 
in their hypoxic response. We are currently investigating 
whether induction by ABA is also mediated through this G- 
box-1 sequence, as is the case for the wheat Em gene (Guil- 
tinan et al., 1990). 

Positions -192 to -185 contain a G-box-like sequence (G- 
box-2: 5’-CCAAGTGG-3’), which does not share the com- 
mon 5’-ACGT-3’ core motif recognized in most b-ZIP bind- 
ing proteins (Weisshaar et al., 1991; Schindler et al., 1992b, 
1992~). The G-box-2 region we have chosen as a target for 
mutagenesis is part of a larger in vivo footprint area (see Fig. 
1B). Mutations of G-box-2 resulted in lower cold-induction 
levels. But reduction in low-temperature response was not as 
strong as for the G-box-1 mutants, and the signal was hardly 
discemible above the strong uninduced expression levels (Fig. 
4A; Table I). 

Mutations of either the GT or GC motif in region IV cause 

a drastic decrease in cold-stress response (Fig. 4). These 
sequences were also critica1 for expression under uninduced 
and hypoxic conditions. These data suggest that the ARE, 
sequence could be more than just an ARE, and that the GT 
motif together with the GC motif plays a more general role. 
Data obtained in maize show that a protein interacting with 
the GC motif of the ARE of the maize Adhl gene shares 
binding site specificity with the human general transcription 
factor Spl (Jones and Tjian, 1985; Olive et al., 1991a). The 
observation that both hypoxic and cold-stress responses are 
reduced when the Arubidopsis GC motif is mutated suggests 
that this GC motif may also be a binding site for a general 
transcription factor. 

lnduction of the Adh Promoter by Dehydration Stress 

The suggestion that cold response is related to ABA levels 
led us to investigate whether other environmental stresses 
that are correlated with ABA levels, such as dehydration 
stress (Guy, 1990; Hetherington and Quatrano, 1991; Jack- 
son, 1991), also induce the Arubidopsis Adh promoter. We 
found that the gene is strongly induced when plants are 
dehydrated in a 0.6 M mannitol solution (Fig. 3). This treat- 
ment also strongly induces an Arubidopsis cDNA clone with 
homology to the ABA- and dehydration stress-inducible Ar- 
ubidopsis Rub28 gene (Ling and Palva, 1992; data not shown). 
Maximal induction levels of Adh were obtained after 12 h of 
induction treatment (Fig. 3A). The endogenous Adh gene was 
induced 10- to 30-fold and the chimeric CADH-GUS gene 
was induced 5- to 20-fold, an induction response comparable 
to the levels obtained for cold stress (Fig. 3, B and C). 
Dehydration stress did not influence expression of the control 
35s-GUS construct (Fig. 3C). Like cold-stress induction, the 
dehydration responses of the endogenous Adh gene and the 
GUS chimeric gene were somewhat lower than the hypoxic 
response (Fig. 3, B and C). 

The inducibility of the Arubidopsis Adh gene by both low 
temperature and by dehydration raises the question whether 
these stimuli act through the same cis-acting promoter ele- 
ments and share the same signal-transduction pathway in- 
volving ABA. As was the case for the uninduced, hypoxic, 
and cold-stress responses, deletion to position -5 1 O (region 
I) causes an increase in expression levels under dehydration 
stress conditions, consistent with the idea that a repressor 
might interact with this region of the Adh promoter (Fig. 4, 
A and B; Table I). Deletion of sequences between positions 
-510 and -384 (region 11) reduced the dehydration response 
as it did the low-temperature response and the hypoxic 
response. This region might bind a general transcription 
factor that enhances the levels of the stress responses. But 
region I1 might also contain additional sequences specific for 
hypoxic inducibility. Response to dehydration stress remains 
low for deletions between -384 and -235 (Fig. 4). Deletion 
-214 in the G-box-1 sequence shows increased expression 
under dehydration, as was the case for cold. Response to 
dehydration is undetectable in deletions from position -172 
onward. 

Mutations in G-box-1 decrease induction by dehydration 
to about 50% of the CADH-GUS levels (Table I), but not to 
the same extent as for low temperature. Dehydration stress 
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induction is not affected significantly in the G-box-2 mutants.
This result indicates again that the two G-box sequences may
have different functions in the Adh promoter. Mutations of
the GT and GC motifs cause a drastic reduction in dehydra-
tion stress response, as was the case for all other treatments.
These data suggest that the Arabidopsis ARE sequence could
interact with a general transcription factor and that the region
is critical for the response of the Adh promoter to a variety
of different environmental stresses.

Tissue-Specific Expression of the Adh Promoter

The three stress responses occur in the same tissues of the
plant. Hypoxic response occurs in the roots and is not present

in the leaves, and the same pattern is found in plants stressed
by dehydration and cold (Fig. 5, A-D). GUS activity increases
over the entire length of the root, especially around the stele,
and is most pronounced in the younger roots and lateral
roots (Fig. 2, H and I). In the root tip, the expression pattern
seen in uninduced roots differed from roots induced by any
of the three stresses (Fig. 5E [1-4]). Typically, uninduced
roots (Fig. 5E [1 and 3]) show expression in the root tip but
less in the elongation zone. The stress-induced GUS expres-
sion is strongly increased mainly in the cell elongation zone
and along the vascular tissue of the root (Fig. 5E [2 and 4]).
Although Adh gene expression is root specific, expression can
be found occasionally at low levels in leaves. This occurs in
wounded leaves (Fig. 5D) and inconsistently in leaves of

8

Figure 5. Tissue-specific expression patterns in transformed plants treated by environmental stresses. A, B, C, and D,
CUS expression patterns in uninduced control plants and in plants treated by hypoxia, dehydration, and cold stress,
respectively. The arrow in D shows that Adh-promoter-driven CUS expression can be found in wounded leaf areas. E,
Changes in tissue-specific expression patterns in roots. 1 and 2, ADH staining pattern of uninduced and hypoxically
induced roots, respectively. 3 and 4, GUS-stained roots from uninduced (3) and hypoxically induced (4) plants. 5, 6, 7,
and 8, CUS staining patterns of roots from uninduced G-box-2, uninduced GT motif, and hypoxically induced CT and
CC motif transformants, respectively. The length of the cell elongation zone varies a lot among different roots of one
plant and depends on the growth conditions and the developmental stage of the roots. To prevent oversaturation of
stainings, CUS stainings were usually stopped after 4 h. ADH staining was much faster than GUS staining, and was
stopped after 10 to 15 min. Prolonged ADH staining led to the detection of background staining in control stainings
without ethanol as substrate.
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stress-treated plants (less frequently in plants under hypoxia; 
Fig. 5, A-D). The Adh promoter can be induced in leaves by 
mechanical wounding (R. Dolferus and G.L. de Bruxelles, 
unpublished data), another response that might be mediated 
by ABA (Hildmann et al., 1992). 

Tissue and developmental expression pattems for the 5' 
deletions and site-specific promoter mutants were analyzed 
by in vivo GUS staining. It was not possible to say much 
about deletions from -384 onward because of the low expres- 
sion levels of the constructs. The same was true for the GT 
and GC motif mutants. For other substitution mutants and 
deletions we found that, as with the CADH promoter, expres- 
sion was not detectable in leaves, either in plants that had 
not been induced or in plants that had been challenged by 
any of the three stresses. 

The four promoter mutants did not show any differences 
in GUS staining compared to CADH-GUS in the aerial plant 
parts, but quantitative and qualitative changes were found in 
the root-specific pattem (Fig. 5E). The G-box-1 mutants 
showed high expression following hypoxic induction and low 
expression following dehydration and cold treatment. There 
were no obvious changes in tissue specificity compared to 
the CADH-GUS construct. The G-box-2 mutants, as pre- 
dicted by the mRNA results, showed higher uninduced 
expression levels and a staining pattem normally seen for 
induced roots (Fig. 5E [5]), with high expression in the root 
tip, elongation zone, and around the vascular tissues; this 
pattem remained unchanged after treatment with the three 
stresses. The GT and GC motif mutants showed expression 
pattems similar to each other. Under uninduced conditions, 
GUS activity was not detectable in the majority of transform- 
ants (Fig. 5E [6]). After hypoxic induction, GUS staining was 
found in the elongation zone, in lateral root primordia, and 
along the vascular bundles (only in the older root parts), but 
activity was not found in the root tip (Fig. 5E [7 and 81). The 
same pattem was found in roots of dehydration- and cold- 
stress-treated plants, but at a lower intensity. These data 
indicate that the GT and GC motifs are critical for the 
expression of the Arabidopsis Adh promoter. Mutation of 
either region strongly reduces the uninduced expression pat- 
tem in the root, and stress-induced expression is observed 
mainly in the root elongation zone and around the vascular 
bundles. 

DlSCUSSlON 

The induction of the maize Adhl gene by anaerobic stress 
has been well documented (for review, see Freeling and 
Bennett, 1985), and regulatory elements of the Adhl promoter 
involved in anaerobic regulation have been well characterized 
(Olive et al., 1991a, 1991b). More recently it was shown that 
another maize anaerobic protein, Suc synthase, is also induc- 
ible by low-temperature conditions (Crespi et al., 1991). 
Although it is not known whether a11 maize anaerobically 
inducible genes are also induced by cold stress, the question 
arises whether regulation of gene expression by both envi- 
ronmental stresses (anaerobiosis and cold) are mediated 
through the same signal-transduction pathway . 

To investigate more thoroughly the regulation of Adh gene 
expression by stress and to determine the number of signal- 

transduction pathways that are involved in environmental 
regulation of gene expression, we have investigated Adh gene 
regulation in the model plant Arabidopsis. 

As we have shown in Figure 3, the Arabidopsis Adh pro- 
moter is not only induced by anaerobiosis and cold stress, 
but also by dehydration stress. Both dehydration and cold 
stress have been correlated with increased levels of ABA in 
plant tissues (Guy, 1990; Hetherington and Quatrano, 1991; 
Jackson, 1991), but the correlation with anaerobic stress is 
less clear. The Arabidopsis Adh promoter contains the G-box- 
1 sequence (see introduction and Fig. l), a regulatory se- 
quence that is homologous to the ABA response element 
(Guiltinan et al., 1990). The G-box sequence has been found 
in a wide variety of plant genes to be associated with diverse 
expression properties, including light (rbcS-1 A; Schindler et 
al., 1992a, 1992b, 1992c, 1992d) and UV-inducible genes 
(chalcone synthase; Schulze-Lefert et al., 1989; Weisshaar et 
al., 1991). It is also found in wheat histone genes (Tabata et 
al., 1991) and in ABA-inducible genes (Guiltinan et al., 1990). 
Leu zipper (b-Z1P)-type transcription factors interact with the 
G-box (Schindler et al., 1992b, 1992~). Gel retardation and 
protein purification studies have shown that the Arabidopsis 
Adh G-box-1 sequence interacts with a nuclear protein 
(DeLisle and Ferl, 1990; McKendree et al., 1990). 

Our functional analysis of Arabidopsis Adh has shown that 
the promoter consists of a complex series of regulatory se- 
quences or cis-acting promoter elements (Fig. 6). One of the 
regions, the ARE, is critica1 for the response of the Adh 
promoter to three environmental stresses. This region con- 
tains both the GT and GC motifs, homologous to the GT and 
GC motifs of the maize Adhl ARE sequence. Mutations in 
either motif give essentially the same pattem, indicating that 

IIMPORTANT REGIONS OF THE ARABIDOPSIS Adh PROMOTER :I 

i RLGlON I 

5' 

REG!ON 111 R€G!ON N REG" I REGlOW II 

TREATMENTS' 

f UNINOUCED t +  t 

* COLO t t  + 
'LOWOXYGEN . t + +  
* OEHYDRATION : t t  + 

Figure 6. Summary of 5'-deletion and site-specific mutagenesis 
results for the Arabidopsis Adh promoter. Four functionally impor- 
tant regions were identified in the -964 to +53 CADH promoter 
fragment (boxes with roman numerals). Regions III and IV are shown 
enlarged to indicate the four regions known as in vivo footprinting 
areas (shaded boxes) and the target sequences for site-specific 
mutagenesis (G-box-1, C-box-2, GT and GC motifs). Results of 5' 
deletions and mutations on Adh-promoter-driven GUS mRNA 
expression are indicated for each region, and effects of particular 
importance are indicated by shaded boxes. 
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both the GT and GC motif might be part of the same cis- 
acting element. This region could bind a general transcription 
factor that can activate transcription through interactions 
with RNA polymerase or the TATA-box binding factor. The 
Arabidopsis ARE could have a broader function and act as a 
general stress responsive element. 

Other upstream sequences differ in their effects on the 
expression of the Adh promoter under three environmental 
stress conditions: hypoxia, low temperature, and water stress. 
The binding of specific transcription factors to these upstream 
elements might determine the specificity of the stress re- 
sponse, and transcription under the various stresses may 
occur through interactions with the GT/GC motif binding 
protein(s). Our results suggest that the interactions between 
different DNA-binding factors may differ for the different 
stresses and that different signal-transduction pathways are 
involved. 

Low-temperature and dehydration stressresponse are both 
mediated through the G-box-1 sequence (Fig. 6), and both 
stresses may be associated with increased levels of the phy- 
tohormone ABA in plants. We are currently investigating 
ABA induction of the Adh promoter and whether the cold- 
and dehydration-stress responses are mediated through a 
common signal-transduction pathway that involves ABA. 
The demonstration that promoter elements can interact dif- 
ferentially to mediate different responses provides the basis 
in Arabidopsis for a mutational analysis of common and 
discriminating elements in the signal-transduction pathway. 

The Arabidopsis Adh G-box-1 sequence consists of a perfect 
palindromic sequence, 5’-CCACGTGG-3’, which represents 
a binding site for G-box binding factors. The mutations we 
have introduced in this sequence (see Fig. 1B) completely 
abolish a11 binding-site requirements for GBFl (Schindler et 
al., 1992c, 1992d) and also exclude binding of the G-box-like 
binding factor TGAl (Schindler et al., 1992a). Furthermore, 
data presented by McKendree and Ferl (1992) suggest that 
the changes we have introduced in the G-box-1 sequence 
prevent interaction with GBF. According to Schindler et al. 
(1992a, 1992b, 1992c), the G-box-2 sequence is nota binding 
site for a GBF protein. Our data also suggest that G-box-1 
and G-box-2 substitution mutants behave differently. It re- 
mains to be established which GBF(s) interact with the Adh 
promoter in Arabidopsis root tissues, and what their binding 
requirements are. 

Hypoxia acts independently of the ABA-associated stresses 
(cold and dehydration) and the G-box-1 sequence. However, 
it does require the presence of the GT/GC sequence motifs. 
Additional upstream sequences determining hypoxic stress 
response may be present between positions -510 and -384, 
but they have not yet been located. 

We are currently investigating whether the Arabidopsis 
equivalents of the maize hypoxically induced genes (aldolase, 
Suc synthase, and pyruvate decarboxylase) are induced by 
the same environmental stresses as the Adh gene, and 
whether the same promoter elements are present in these 
genes (G-box-1, GT and GC motifs). In addition, we will 
further investigate whether the responses of the Adh pro- 
moter to hypoxia and cold/dehydration stress can be sepa- 
rated using chimeric promoter constructs. 
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